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The ability to promote chloride-attachment ions of the form [M 1 Cl]2 in negative ion
electrospray ionization mass spectrometry (ESI-MS) has been developed using chlorinated
solvents such as chloroform and carbon tetrachloride. This approach expands the current
capabilities of negative ion ESI-MS by enabling detection of analytes that lack acidic sites and
thus exhibit weak [M 2 H]2 signals. In contrast to the remote-site collision-induced dissoci-
ation (CID) often observed in positive ion ESI-MS/MS for alkali metal cation adducts, the
decomposition of chloride adducts usually proceeds via competitive dissociations to form Cl2,
which is not structurally informative, or [M 2 H]2. The latter can provide structural
information via consecutive decompositions. For compounds having higher gas-phase acidi-
ties than HCl, a low CID collision energy can promote the formation of [M 2 H]2, whereas for
the majority of compounds with lower gas phase acidities than HCl, higher collision energies
generally improve the relative yield of [M 2 H]2. Because chloride attachment occurs
primarily at electrophilic hydrogens, the daughter ion ratio, Cl2/[M 2 H]2, depends primar-
ily upon the difference in gas phase acidity between the analyte molecule and HCl. At higher
collision energies, entropic factors take on increased importance in determining the product
ratio. The difference between the DS0 terms for formation of Cl2 and formation of [M 2 H]2
has been estimated for a series of substituted phenols and a series of acetic acid analogs.
Finally, a novel neutral loss of CH3Cl from glycerophosphocholine and from ganglioside GM3
methyl ester is reported. (J Am Soc Mass Spectrom 2000, 11, 932–941) © 2000 American
Society for Mass Spectrometry
Electrospray ionization (ESI) was first introducedby Dole et al. [1] to charge macromolecular poly-styrene. It was not recognized as an ionization
technique for mass spectrometry (MS) until combined
with a single quadrupole mass analyzer by Yamashita
and Fenn [2] for negative ion studies. The revelation
that large biological molecules could be observed at low
m/z values due to multiple charging [3], at high sensi-
tivities [4, 5], while preserving noncovalent interactions
that existed in solution [6, 7], resulted in a stampede of
ESI-MS research activity in many areas, including ex-
aminations of fundamental processes associated with
ion formation, and applications to a wide breadth of
fields, especially biological and related sciences [8–10].
Various metal cations have been used to induce
positively charged adduct ion formation with organic
molecules in desorption/ionization techniques such as
fast atom bombardment (FAB), matrix-assisted laser
desorption/ionization (MALDI), as well as in ESI-MS.
This cation attachment represents an alternative to
protonation of neutral molecules (MH1) when yields of
the latter are poor. Relative to positive ion studies, far
less work has been performed investigating the forma-
tion of anion adducts to improve negative ion abun-
dances of certain analyte molecules that have a low
tendency to form [M 2 H]2. Anion attachment has
been investigated primarily in negative ion chemical
ionization (NICI) [11–19]. These studies report on the
occurrence of chloride attachment employing various
chlorinated solvents, often as mobile phase additives in
liquid chromatography (LC). Chloride ion adducts,
[M 1 Cl]2, have been reported for a variety of com-
pounds such as pesticides [12–14, 16], triacylglycerols
[17–19], aromatic and aliphatic carboxylic acids, amides,
amino acids, aromatic amines [11], phenols [11, 15], and
nonionic surfactants [20].
Although the technique of electrospray evolved from
negative ion mode studies of polystyrene by Dole et al.
[1], and others by Yamashita and Fenn [2] who reported
the iodide adduct of acetone, negative ion ESI experi-
ments were initially more problematic than those per-
formed in positive ion mode due principally to in-
creased instability stemming from a higher tendency
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toward electrical (corona) discharge, especially for
aqueous and highly conductive solutions [21–24]. Neg-
ative ion ESI-MS studies typically report the appearance
of [M 2 H]2 ions of organic molecules bearing acidic
functions such as carboxylic [25–27], sulfonic [25, 26,
28], or phosphoric acid sites [21, 23, 26, 29], that already
are prone to exist in anionic form in solution. The study
of anion attachment in negative ion ESI-MS has lagged
far behind that of cation attachment in positive ion
ESI-MS. The additive Ph4PCl has been used to promote
formation of chloride adducts of the hydrogen-bonded
(cyanuric acid z melamine) noncovalent complex re-
ferred to as hub(M)3 z RCA3 [30] in ESI-MS. [M 1 Cl]
2
adducts of neutral glycolipids [31] and glycosphingo-
lipids [32] have also been reported in ESI-MS. The
natural isotope distribution pattern of chlorine: 35Cl/
37Cl ; 3/1 provides evidence for the presence of the
chloride adduct. In this report we reinforce and build
upon the use of chloride anion attachment [33] as a
complement to [M 2 H]2 formation in negative-ion
ESI-MS for compounds that lack highly acidic sites, and
are thus less prone to undergo deprotonation. We also
investigate in detail the decomposition of chloride ad-
ducts in view of broadening the ability to obtain struc-
tural information from chloride adducts of weakly
acidic analytes.
Materials and Methods
All chemicals were commercially purchased analytical
grade compounds that were used without further pu-
rification. A Quattro II (Micromass, Manchester, En-
gland) triple quadrupole mass spectrometer equipped
with an atmospheric pressure ionization (API) electro-
spray interface was used for all mass spectrometry
experiments. Sample solutions were directly infused at
flow rates of 2–4 mL per minute employing nitrogen as
nebulizing gas. ESI capillary voltage was set between
22.5 and 23.5 kV. Collision-induced dissociation (CID)
was achieved by introducing argon gas into the hexa-
pole collision cell at low pressure (0.1–0.15 mtorr,
external gauge) to avoid multiple collisions. All mass
spectra represent the average of 50 scans (1–6 s dura-
tion).
In comparing signal intensities for Cl2 versus [M 2
H]2 ions, in all cases the peak height of the single most
abundant isotope peak was employed in the calcula-
tion. For the comparison of the daughter ion Cl2/[M 2
H]2 ratios for a series of compounds (as appears in
Figure 6), the collision energies were set at nearly the
same value in the center-of-mass frame of reference
(Ecom) for all data points, calculated using the following
equation:
Ecom 5 Elab 3 Mtarget/~Mtarget 1 Mion!
where Mtarget and Mion represent the masses of target
gas (argon 5 40 u, in all experiments) and selected
chloride adduct ion, respectively. Because of the instru-
mental impossibility to adjust laboratory collision en-
ergy (Elab) in less than 1 eV increments, the variation in
the collision energy was up to, but not exceeding, 5%.
Results and Discussion
As evidenced by the far greater number of reports,
electrospray practitioners rely much more heavily upon
positive ion mode experiments than negative ion work.
Exceptions to this “rule” arrive where permanent an-
ionic sites (e.g., phosphate, sulfonate, or carboxylate)
exist on analyte molecules. Early ESI sources were
hampered in the negative ion mode by an increased
tendency toward electrical discharge [21–24]. It was
established [21, 23] that chlorinated solvents can act as
electron scavengers thus suppressing the corona dis-
charge and improving negative ion ESI stability. Chlo-
ride anions can be produced by dissociative electron
capture in the presence of chlorinated solvents such as
methylene chloride, chloroform, and carbon tetrachlo-
ride under corona discharge conditions [21]. Under
appropriate conditions, chloride anions may also be
produced via electrochemical reduction of chlorinated
solvents at the ESI capillary, as reduction processes are
inherent to the negative ion ESI process. Reductive
cleavage of chlorinated solvents to form Cl2 [34] occurs
for chloroform, methylene chloride, or carbon tetrachlo-
ride at E1/2 values of 21.67, 22.23, and 20.78 V,
respectively, each in 75% dioxane [35]. Although the
required E1/2 value is most easily accessible for carbon
tetrachloride, rendering it most susceptible to generate
Cl2, the low polarity of CCl4 in pure form makes it a
nonideal solvent for use in ESI, due to solubility con-
straints and the difficulty that it poses in achieving
adequate solution conductivities. In addition to possible
reduction processes, chloride anions (with a nearby
counterion such as H1) are known to be ever-present
impurities in chlorinated solvents.
Our investigation begins with an examination of
how available chloride anions can be used to promote
the formation of chloride adducts [M 1 Cl]2 in nega-
tive ion ESI for analytes that do not readily undergo
deprotonation to form [M 2 H]2. This is commonly the
case for analytes that lack acidic functional groups or
other labile protons. We first examine the competition
between the formation of the chloride adduct [M 1
Cl]2 and the deprotonated molecule [M 2 H]2 in the
negative ion mass spectrum. A base (e.g., NaOH,
NH4OH [27], or low molecular weight alkylamine) can
be added to sample solutions to help to coax the
formation of deprotonated molecules, but it is well
known that the addition of electrolyte leads to ESI-MS
signal suppression [36–38]. Moreover, certain com-
pounds are reactive in basic solution, possibly leading
to sample alteration or decomposition. Figure 1 shows
ESI mass spectra of galactosyl ceramide with the addi-
tion of variable amounts of ammonium hydroxide to
the solvent. The ratio [M 1 Cl]2/[M 2 H]2 for M 5
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galactosyl ceramide progressively decreases from 75
(no ammonium hydroxide) to 2.7 (with 2% ammonium
hydroxide), and finally to 1.6 (with 10% ammonium
hydroxide). Figure 1b and 1c reveal that, in the presence
of added base, the combination of signal suppression
and decreasing favorability in competing with [M 2
H]2 formation progressively drives down the [M 1
Cl]2 signal (ultimately by a factor of 13) relative to
Figure 1a (no base). On the other hand, in considering
the [M 2 H]2 signal, 2% addition of base promotes
deprotonation to an extent that more than offsets signal
suppression caused by the added electrolyte, thus the
absolute abundance of [M 2 H]2 increases markedly
relative to the solution devoid of base. However, it
should be noted that the absolute abundance of [M 1
Cl]2 ions in the absence of ammonium hydroxide
(Figure 1a) is still higher by a factor of ;10, than that of
[M 2 H]2 ions in the presence of 2% ammonium hy-
droxide (Figure 1b). Further addition of base (to 10%)
results in a diminution of the [M 2 H]2 signal, as the
signal suppression caused by the high concentration
electrolyte now outweighs the gain in [M 2 H]2 pro-
duction. These results point to the conclusion that
addition of base does not necessarily improve negative
ion sensitivity.
To further evaluate the factors that might affect the
formation of the chloride adduct, three ESI-MS solvent
systems: chloroform only, chloroform/methanol (1/9),
and chloroform/methanol/water (1/6/3), have been
used to examine the competition between [M 1 Cl]2
and [M 2 H]2 formation for a series of compounds
having pKa values ranging from 0.25 (TFA) to 27
(aniline) [39–41]. Chloroform was diluted with com-
mon ESI solvents, i.e., methanol and water, to perform
the evaluation under conditions that do not severely
restrict analyte choice due to solubility constraints. Of
course, when different solvent systems are employed
for comparative purposes, the solvent dielectric, viscos-
ity, and surface tension are highly variable from one
solution to the next.
Figure 2 plots the abundances of [M 1 Cl]2 and
[M 2 H]2 for (pKa given in parentheses): trifluoroace-
tic acid (0.25), trichloracetic acid (0.6), chloroacetic acid
(2.9), formic acid (3.8), acetic acid (4.8), 2-chlorophenol
(8.5), phenol (9.9), glycerol (14.2), 1-propanol (19.7) [39],
and aniline (27) [40, 41]. For all data shown in Figure 2,
the concentration of all compounds was held uniform
and constant (1.0 mM), and the ion abundances of [M 1
Figure 1. Negative ion ESI mass spectra of 0.1 mg/mL of galac-
tosyl ceramide dissolved in methanol:chloroform (19:1): (a) with-
out ammonium hydroxide; (b) with 2% ammonium hydroxide;
and (c) with 10% ammonium hydroxide. An absolute abundance
scale (arbitrary units) for the base peak ([M 1 Cl]2, m/z 734 in all
cases) is given on the upper right of each spectrum; m/z 698
corresponds to [M 2 H]2.
Figure 2. Ion abundance (peak height of monoisotopic peak) of
deprotonated molecules (unshaded bars) and chloride adducts
(shaded bars) vs. analyte pKa in three different solvents: C only 5
chloroform; C/M 1/9 5 10% chloroform in methanol; C/M/W
1/6/3 5 10% chloroform, 60% methanol, 30% water with 0.5 mM
LiCl. The compounds (all present at 1.0 mM, pKa in parentheses)
are trifluoracetic acid (0.25), trichloroacetic acid (0.6), chloroacetic
acid (2.9), formic acid (3.8), acetic acid (4.8), chlorophenol (8.5),
phenol (9.9), glycerol (14.2), 1-propanol (19.7) [39], and aniline (27)
[40, 41].
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Cl]2 and [M 2 H]2 were measured in the mass spec-
trum acquired for each individual compound in a given
solvent mixture (30 spectra in total). The y axes are
identical in Figure 2a–c, thus allowing a direct compar-
ison of signal responses for the various analyte-plus-
solvent combinations. As expected, the plot reveals that
[M 2 H]2 is formed in high abundance for highly
acidic compounds (pKa # 2.9). But the abundance of
[M 2 H]2 drops off rapidly for compounds character-
ized by pKa $ 3.8, and becomes very poor for com-
pounds with pKa . 8.5. Consistent with previous
reports [23], data also indicate that deprotonated mol-
ecules, [M 2 H]2, become increasingly favored in
higher polarity solvents, as is best exemplified for the
compounds with the three lowest pKa values; notably,
chloroacetic acid (pKa 5 2.9) yields [M 2 H]2 in
higher abundance than [M 1 Cl]2 only in C/M/W
1/6/3. Most significantly, the chloride adduct [M 1
Cl]2 appears in higher abundance than [M 2 H]2 for
all compounds having pKa values of 3.8 and above,
regardless of the solvent. It is noteworthy that above
pKa values of about 15, ion abundances of [M 1 Cl]2
decrease, but remain detectable all the way up to pKa 27
(aniline). However, no deprotonated molecules were
detected for analytes exhibiting pKa values above 15 in
any of the solvent systems.
From the data presented in Figure 2, it is clear that
chlorinated solvent addition can generate high intensity
ESI-MS signals for compounds having pKa values rang-
ing from about 3 to 15, while offering the possibility to
obtain lower intensity signals for compounds with pKa
values above 15. To further define the limitations on the
detection of chloride adducts for compounds of very
low acidity, we investigate the possibilities to form
chloride adducts of aniline (pKa 5 27) in three other
solvents. Figure 3 gives the negative ion ESI mass
spectra of (a) 10% aniline in chloroform; (b) 1% aniline
in methylene chloride; and (c) 1% aniline in carbon
tetrachloride. To rationalize the differing relative abun-
dances of the [aniline 1 Cl]2 peak as a function of
solvent, we consider the “final droplet” from which the
[aniline 1 Cl]2 peak arises to consist of the aniline
molecule, a chloride anion (representing an “excess
charge” in the originally generated negative ion mode
ESI droplets), plus a number of solvent molecules [42].
The charge on the chloride is stabilized (solvated) by
the most electrophilic portions of the aniline and re-
maining solvent molecules. As the final few solvent
molecules depart in the desolvation region of the mass
spectrometer, a competition is set up whereby the Cl2
anion may favor formation of an adduct (i.e., [neutral 1
Cl]2) with either the aniline molecule, or a solvent
molecule. The preferred adduct is determined by the
relative affinities of aniline and the solvent for the
chloride anion in the gas phase.
Table 1 gives a list of chloride affinities [43] of the
employed chlorinated solvents along with some other
possible constituents of ESI solutions. Although the
chloride affinity for aniline is not available, the fluoride
affinity for aniline (131 kJ/mol) is between that of
methanol (124 kJ/mol) and that of ethanol (132 kJ/mol).
We postulate then, that the chloride affinity for aniline
is between that of methanol 70 kJ/mol and that of
ethanol 72 kJ/mol, and estimate its value to be ;72
kJ/mol. This estimated chloride affinity for aniline is
slightly less than that of chloroform (74 kJ/mol), and
this, combined with the fact that the concentration of
the chloroform (solvent) is much higher than that of
Figure 3. Negative ion ESI mass spectra of: (a) 10% aniline in
chloroform; (b) 1% aniline in methylene chloride; and (c) 1%
aniline in carbon tetrachloride. An absolute abundance scale
(arbitrary units) corresponding to the base peak appears on the
upper right corner of each spectrum.
Table 1. Reference data for chloride and fluoride affinities in
the gas phase [43]
Compounds
Chloride affinity
(DH kJ/mol)
Fluoride affinity
(DH kJ/mol)
CH3OH 70 124
CH3CH2OH 72 132
CH3CH2CH2OH 74 135
CH3Cl 51
CH2Cl2 66
CHCl3 74
CCl4 59
C6H5NH2 131
C6H5OH 103
HCOOH 107
CH3COOH 100 185
H2O 60
HCl 97
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aniline, provides an explanation for why the [CHCl3 1
Cl]2 peak (m/z 155) dominates over the [aniline 1 Cl]2
peak (m/z 128) in Figure 3a.
At the other extreme, the chloride affinity of carbon
tetrachloride (59 kJ/mol) is much lower (;13 kJ/mol)
than that of aniline (;72 kJ/mol), which explains why
the [aniline 1 Cl]2 peak (m/z 128) dominates over that
of [CCl4 1 Cl]
2 (m/z 189) in Figure 3c, even though the
concentration of carbon tetrachloride (solvent) is much
higher than that of aniline. In fact, chloroform, which is
present only as a trace level impurity, gives a larger
chloride adduct (m/z 155) than carbon tetrachloride
(Figure 3c). Methylene chloride presents an intermedi-
ate situation where its chloride affinity (66 kJ/mol) is
only ;6 kJ/mol less than that of aniline. But because
methylene chloride is present in much greater concen-
tration, the ESI spectrum reveals similar signal intensi-
ties for chloride adducts of methylene chloride as
compared to those of aniline (Figure 3b). This observa-
tion allows us to conclude that an analyte should have
a chloride affinity that is roughly at least 6 kJ/mol
larger than that of solvent in order that it will offer a
chloride adduct signal higher than that of the solvent. It
is reasonable to postulate that all of the compounds
bearing at least moderately acidic protons, and having
pKa values ,15 in Figure 2, also have chloride affinities
greater than that of chloroform. However, the com-
pounds having pKa values above 15 (1-propanol and
aniline), are less successful at competing with the chlo-
roform solvent for available Cl2, resulting in a lowering
of the [analyte 1 Cl]2 signal. This finding indicates that
a solvent with a lower chloride affinity (e.g., carbon
tetrachloride) can be used to give better [analyte 1 Cl]2
signals for compounds exhibiting very high pKa values.
To give a more quantitative evaluation of signal
responses, the lower limits of detection for chloride
adducts of phenol and aniline have been calculated
based upon a 35Cl adduct signal of three times the noise.
Employing serial dilutions of phenol in C/M/W 1/6/3,
the [phenol 1 Cl]2 yielded a detection limit of 8.2 3
1028 M at a flow rate of 2.5 mL/min for a 1 min
acquisition (;0.20 pmol consumed), which is more than
two orders magnitude lower than that of [phenol 2
H]2 at 9.3 3 1026 M (;23 pmol consumed) under the
same conditions. For aniline in CCl4, the detection
limited was calculated to be 8.9 3 1024 M (;2.2 nmol
consumed), whereas no signal at all was detected for
[M 2 H]2.
The intensity of the peak at the mass spectrometer
detector corresponding to the chloride adduct is also
highly influenced by certain instrumental parameters,
especially those that significantly affect the internal
energy. In order to maximize the abundance of the
chloride adduct, its internal energy should be kept as
low as possible to minimize decompositions prior to its
arrival at the detector. An elevated skimmer (cone)
potential in an intermediate vacuum region of the mass
spectrometer can cause so-called “in-source CID” [44],
thereby breaking up the adduct via relatively low-
energy collisions with residual gases (e.g., air, solvent),
leading mainly to the initial products Cl2 and [M 2
H]2, with possible consecutive decompositions of the
latter. The abundance of the intact chloride adduct can
decrease dramatically at high skimmer voltages, de-
pending upon the analyte. Chloride adducts of large
molecules are often less susceptible to in-source CID
presumably because more vibrational modes are avail-
able to “dampen” low-energy collisional excitation. For
example, galactosyl ceramide (mw 699 u) can be de-
tected in high abundance at skimmer voltages up to 70
eV, while smaller molecules such as acetic acid (mw
60 u) exhibit significant drop-offs in the abundances of
chloride adducts when the skimmer voltage is raised
above 20 eV.
ESI-MS/MS of Chloride Adducts
Compared to the above-mentioned in-source CID, tan-
dem mass spectrometry experiments employing a col-
lision cell offer more control and a wider range of
collision parameters including gas pressure and energy
(easily adjustable in the laboratory frame of reference),
allowing one to more readily optimize for a specific
type of fragmentation. Under low-energy collisions,
chloride adducts principally decompose to give chlo-
ride ions, which do not provide additional structural
information, or [M 2 H]2 via a neutral loss of HCl [33].
A chloride adduct ion, with attachment occurring at an
electrophilic hydrogen atom of the analyte molecule can
be considered as a “proton-bound mixed dimer of
anions”: Cl2 and [M 2 H]2, which undergoes simple
dissociation (Scheme 1).
The initial formation of [M 2 H]2 from [M 1 Cl]2
offers the possibility for consecutive fragmentation of
[M 2 H]2, which can provide useful structural infor-
mation. To further examine the factors that promote the
formation of [M 2 H]2, we consider the above two
competitive unimolecular decomposition pathways
that can each be described using unimolecular reaction
rate constants, ki (for k1 or k2) [45–47]:
ki 5 ~kT/h! 3 Qi
Þ/Qi 3 exp~ 2 «i
0/RT! (1)
where k is the Boltzmann constant, h is Planck’s con-
stant, T is the absolute temperature, Qi is the partition
function for internal modes of the adduct ion, Qi
Þ is the
partition function for the activated complex of the
adduct ion, «i
0 is the critical energy of activation per
mole at the absolute temperature T, and R is the ideal
gas constant.
Employing the theory of competitive unimolecular
decompositions that forms the basis for the kinetic
method [48–51], the ratio of the relative abundances of
two daughter ions formed via competitive processes
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upon activation via collision with an inert target gas can
be expressed as [49]
ln ICl2/I[M2H]2 5 ln k1/k2
5 ln Q1
Þ/Q2
Þ 1 ~«2
0 2 «1
0!/RTeff (2)
where ICl2 and I[M2H]2 are the relative abundances of
the chloride ion and the deprotonated molecule, respec-
tively; Q1
Þ and Q2
Þ are the partition functions of the
activated complex for the formation of Cl2 1 M, and of
[M 2 H]2 1 HCl, respectively; «1
0 and «2
0 are the asso-
ciated activation energies for dissociation; and Teff is the
effective temperature indicating the internal energy of
the chloride adduct upon activation. This equation is
based on a Boltzmann distribution of internal energies
of a weakly bound ionic complex that undergoes simple
dissociation kinetics. With the assumption of a “zero”
reverse activation-energy barrier,
«2
0 2 «1
0 5 DHM
0 2 DHHCl
0 (3)
where DH0 is the enthalpy of (gas-phase) acid dissoci-
ation. In addition,
R ln Q1
Þ/Q2
Þ 5 DSCl21M
0 2 DS[M2H]21HCl
0 5 D~DS0!
(4)
where D(DS0) is the difference in the changes in en-
tropy for the same two fragmentation pathways. Equa-
tions 3 and 4 allow eq 2 to be rewritten in general form
for a decomposition of a chloride adduct ion:
ln ICl2/I[M2H]2 5 ~DHM
0 2 DHHCl
0 !/~RTeff!
1 D~DS0!/R (5)
If the difference in changes in entropy for the compet-
itive decompositions of the proton-bound mixed dimer
of anions is negligible, then
ln ICl2/I[M2H]2 5 ~DHM
0 2 DHHCl
0 !/~RTeff! (6)
From eq 6, the relative abundances of two competi-
tively formed daughter ions obviously depend on the
difference in their gas-phase acidities. Consider two
different situations here: the first is exemplified by
4-nitrophenol with an acid dissociation enthalpy
(DH0 5 1372 kJ/mol) which is smaller than that of HCl
(DH0 5 1396 kJ/mol), i.e., 4-nitrophenol is more acidic
than HCl in the gas phase. In this case, [M 2 H]2 is the
dominant daughter ion peak over Cl2 (Figure 4a), and
as expected, the daughter ion abundance increases with
concomitant decrease in [M 1 Cl]2 (the surviving pre-
cursor), as the collision energy is raised. At very low
collision energies (e.g., #4 eV), [4-nitrophenol 1 Cl]2
decomposes almost exclusively to form [M 2 H]2. As
the collision energy is raised, decomposition to Cl2
begins to occur via an energetically disfavored pathway
(Figure 4c). Thus, for those compounds with higher
gas-phase acidities than HCl, decompositions of [M 1
Cl]2 typically lead to [M 2 H]2 as the dominant
daughter ion, and very low collision energies can pro-
mote formation of [M 2 H]2 (Figure 4b).
A second category of compound is exemplified by
2-nitrophenol having a lower gas-phase acidity than
HCl (enthalpy of acid dissociation of 2-nitrophenol is
not available, its free energy of dissociation in the gas
phase, DG0 5 1379 kJ/mol, is slightly larger than that
of HCl, DG0 5 1374 kJ/mol). In this case, decomposi-
tion of [M 1 Cl]2 to form Cl2 is highly favored over
formation of [M 2 H]2 at very low collision energies
(Figure 5). However, as the collision energy is raised,
the propensity to form [M 2 H]2 increases dramati-
cally, and the ratio of Cl2/[M 2 H]2 decreases (Figure
5b). This trend can be rationalized by considering eq 5,
where effective temperature T of the colliding adduct
increases with rising collision energy, causing the term
(DHM
0 2 DHHCl
0 )/(RTeff) to decrease, as does the Cl
2/
[M 2 H]2 ratio. For most analyte organic molecules,
Figure 4. ESI-MS/MS collision-induced dissociation of [4-nitro-
phenol 1 Cl]2: (a) breakdown curve showing daughter ion and
surviving precursor ion abundances as functions of collision
energy; (b) ratio of daughter ions, Cl2/[M 2 H]2, vs. collision
energy; and (c) energy diagram leading to [M 2 H]2 (favored)
and Cl2 daughter ions.
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the analyte has a lower gas-phase acidity than that of
HCl. Thus, in these cases, the initial formation of [M 2
H]2 can be promoted at relatively high collision ener-
gies, which can lead to the production of structurally
informative daughter ions via consecutive decomposi-
tions. Of course, if the collision energy is high enough,
other initial decomposition pathways can occur, pro-
ducing daughter ions indicative of molecular structure.
It must be recognized, however, that considering
only enthalpies of dissociation may be an oversimplifi-
cation if the difference in the changes in entropy be-
tween [M 2 H]2 formation and Cl2 formation cannot
be neglected. As indicated in eq 5, a negative value for
the D(DS0) term favors the formation of [M 2 H]2,
whereas a positive D(DS0) favors the formation of Cl2.
Moreover, as Teff increases with rising collision energy,
the change in enthalpy difference becomes less impor-
tant, and the ratio ln ICl2/I[M2H]2 approaches the value
of the difference in the changes in entropy. However,
regardless of the sign of the difference in the changes in
entropy, to increase the yield of structurally informative
fragments of M, higher energy CID is recommended.
According to Cheng et al. [49] and Cerda and Wes-
demiotis [52], for a series of compounds with similar
structures (such as the phenol series: phenol, 2-chloro-
phenol, 3-nitrophenol, and 4-nitrophenol), the D(DS0)
terms can be approximated to be constant relative to a
dissimilar reference compound (such as HCl). Under
that approximation, at a constant collision energy (cen-
ter-of-mass frame of reference, Ecom), a linear correla-
tion between ln ICl2/ I[M2H]2 and DHM
0 is expected, as
shown in Figure 6a. The slope of the straight line
obtained at a fixed collision energy (Ecom) can give an
estimate of the effective temperature for chloride ad-
ducts at that collision energy. Moreover, the y intercept
at a given collision energy is equal to 2DHHCl
0 /
(RTeff) 1 D(DS
0)/R, making it possible to obtain a
value for the intercept and slope at each collision
energy. A second graph (Figure 6b) can then be con-
structed by plotting the obtained y-intercept value
versus the obtained slope for each collision energy
(from first plot). On the second plot, a straight line will
be obtained having a slope equal to 2DHHCl
0 and an
intercept equal to D(DS0)/R (Figure 6b). Results from
the phenol series used to construct Figure 6a indicate a
linear correlation between the natural log of the ratio of
mass spectral abundances of Cl2 and [M 2 H]2, ln
ICl2/ I[M2H]2, and the gas phase acidities of phenol,
2-chlorophenol, 3-nitrophenol, and 4-nitrophenol as
predicted by eq 5, using Ecom values of 1.5, 1.9, and 2.8
eV. Moreover, Figure 6b gives a straight line, estimating
Figure 5. ESI-MS/MS collision-induced dissociation of [2-nitro-
phenol 1 Cl]2: (a) breakdown curve showing daughter ion and
surviving precursor ion abundances as functions of collision
energy; (b) ratio of daughter ions, Cl2/[M 2 H]2, vs. collision
energy; and (c) energy diagram leading to Cl2 (favored) and [M 2
H]2 daughter ions.
Figure 6. (a) Plot of ln Cl2/[M 2 H]2 ratio at 1.5 (open dia-
monds), 1.9 (open squares), and 2.8 (open triangles) eV collision
energies (center-of-mass frame of reference) vs. acid dissociation
constant (DHM
0 ) for phenol (DH0 5 1461 kJ/mol), 2-chlorophenol
(DH0 5 1437 kJ/mol), 3-nitrophenol (DH0 5 1399 kJ/mol), and
4-nitrophenol (DH0 5 1372 kJ/mol) [43]. (b) Plot of the y inter-
cept vs. the slope [from plot (a)] at collision energies of 1.5, 1.9, and
2.8 eV.
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a gas phase acidity of 1406 kJ/mol for HCl (from slope),
which is reasonably close to the reference value of 1396
kJ/mol [43]. Furthermore, the difference in the changes
in entropy can be estimated from the extrapolated y
intercept of Figure 6b:
D~DS0! 5 8.314 3 1.23 5 10.2 J/mol K
This positive value indicates that the entropy term
favors the formation of Cl2. A positive entropy term
poses a fundamental limitation on the ability to pro-
mote initial formation of [M 2 H]2 ions from phenol,
2-chlorophenol, and 3-nitrophenol (all with lower gas-
phase acidities than HCl) simply by continually raising
the collision energy. Analogous experiments performed
on a series of substituted acetic acids (acetic acid,
trifluoroacetic acid, chloroacetic acid, and bromoacetic
acid) yielded a DH0 value for HCl of 1393 kJ/mol, and
a D(DS0) value of 25.53 J/mol K.
Novel Neutral Losses From Chloride Adducts
So far our discussion has dealt only with two compet-
itive fragmentation pathways from an adduct formed
by chloride attachment at a relatively acidic proton on
the neutral analyte: the loss of HCl or the loss of the
neutral analyte. We would like to extend our treatment
of decompositions of chloride adducts by reporting two
examples of novel neutral losses. The first example
involves the chloride adduct of glycerophosphocholine
[M 1 Cl]2 whose daughter ion mass spectrum is
shown in Figure 7a. CID of the m/z 292 [monoisotopic
analyte 1 35Cl]2 precursor gave two daughter ion
peaks: one at m/z 35, corresponding to 35Cl2, and
another at m/z 242. A second CID experiment (not
shown) on precursor m/z 294 (containing mostly [mo-
noisotopic analyte 1 37Cl]2) gave the same daughter
ion peak at m/z 242, and a daughter ion at m/z 37 (37Cl2).
This result indicates that the daughter ion at m/z 242
contains no chlorine atom, allowing assignment of the
neutral loss of 50 u from the m/z 292 precursor as loss of
CH3Cl. The prevalent loss of CH3Cl can be rationalized
by considering the zwitterionic structure of glycero-
phosphocholine. The positively charged quaternary
ammonium site is clearly a preferred site of chloride
attachment due to the favorable electrostatic forces. For
this particular chloride adduct form, binding of the
chloride is quite strong, as evidenced by the low pro-
pensity toward dissociation of Cl2 (and associated high
activation energy barrier for charge separation). The
activation barrier for CH3Cl loss is clearly lower, and is
also much lower than that for HCl loss (not observed).
Notably, Harrison and Murphy [53] reported [M 2
15]2 ions in the FAB mass spectrum of glycerophospho-
choline; they postulated that this fragment arose from
decompositions of acetate adduct ions.
A second example of a novel chloride-containing
neutral loss from a chloride adduct is that of the
ganglioside GM3 methyl ester whose CID spectrum
(obtained under low gas pressure conditions) is shown
in Figure 7b. From the [M 1 Cl]2 (m/z 1201) precursor,
two daughter ions were observed (m/z 1151 and 1133)
corresponding to neutral losses of 50 and 68 u, respec-
tively. A small peak at m/z 35 (35Cl2) was also observed
(not shown). Further CID of the M 1 2 precursor ion
(m/z 1203) gave the same m/z 1151 and 1133 in addition
to a small signal at m/z 37, which confirmed that neither
daughter ion (m/z 1133, 1151) in Figure 7b contains a
chlorine atom. The neutral loss of 50 u can again be
assigned to CH3Cl, whereas the 68 u neutral loss can be
attributed to consecutive losses of CH3Cl and H2O. No
peak corresponding to the neutral loss of HCl was
observed for the chloride adduct of the GM3 methyl
ester. The loss of CH3Cl indicates that the chloride
anion was situated in close proximity to the methyl
Figure 7. Negative-ion ESI-MS/MS spectra of chloride adducts
under low-pressure CID conditions from (a) glycerophosphocho-
line [M 1 Cl]2 precursor ion (m/z 292), solvent 5 chloroform :
methanol (1:1) and (b) ganglioside GM3 metheyl ester [M 1 Cl]2
precursor ion (m/z 1201), solvent 5 chloroform : methanol : water
(2:2:1).
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group of the methyl ester functionality just prior to
decomposition, as shown in Figure 7b; this is by far the
most labile methyl group on the molecule. Charge
migration during the decomposition will result in for-
mation of a (stable) carboxylate anion in concert with
the neutral loss of CH3Cl. It is possible that lactone
formation may follow the initial CH3Cl loss to account
at least in part for the m/z 1133 ion. The two examples in
Figure 7 indicate that, in certain instances, loss of
chlorine-containing neutrals other than HCl can pro-
vide structural information pertaining to the analyte.
Conclusion
Chloride adduct formation can be used as a more viable
alternative to base addition to promote negative ion
signals from a variety of compounds exhibiting pKa
values ranging from 0 to 27. For analytes having pKa
values progressively increasing above 5, chloride ad-
duct formation is increasingly favored over deproto-
nated molecule formation. Chloride adduct formation is
most efficient for compounds having pKa values be-
tween about 3 and 15, but if a solvent having a chloride
affinity lower than the analyte is chosen, it is also viable
for less acidic compounds (pKa 5 15 to 27). Com-
pounds in this latter category are incapable of produc-
ing [M 2 H]2 ions in significant yields. The competi-
tion between Cl2 formation and [M 2 H]2 formation
from decompositions of [M 1 Cl]2 precursors under
low-energy CID depends on the relative gas-phase
acidity of the hydrogen at the attachment site. For
compounds having higher gas-phase acidities than
HCl, low collision energies favor the formation of [M 2
H]2, but for compounds having lower gas-phase acid-
ities than HCl, higher collision energies can promote the
initial formation of [M 2 H]2 and lead to consecutive
decompositions of [M 2 H]2. To our knowledge, novel
neutral losses of CH3Cl from chloride adducts are
reported here for the first time.
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